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(57) Abstract 

The invention is a method for 
calculating from the contours of the 
pressure pulses in the brachial, carot- 
id and radial arteries the absolute 
systolic pressure, the degree of aug- 
mentation, and the contour of the 
pressure pulse wave in the ascending 
aorta. The pressure in the ascending 
aorta is related to a combination of a 
primary pressure pulse and a secon- 
dary pressure wave which is a reflec- 
tion of the primary pressure pulse 
from the periphery of the body. The 
maximum central arterial pressure 
can be determined from an analysis 
of the contour of the pressure pulses 
in the peripheral arteries, and the re- 
lationship between the peaks in the 
pulses relating to the maximum pri- 
mary pressure and the maximum 
secondary wave pressure. The inven- 
tive system determines the positions of the two peaks and then analyses their amplitudes to ascertain the maximum systolic pres- 
sure in the central arteries and the amount of augmentation. Transfer functions relating the measured peripheral artery pressure 
pulses to the ascending aorta pressure pulses developed from an analysis of the pressure pulse waves of a number of individuals 
using Fourier transform techniques are used to determine the contour of the ascending aorta pressure pulse based on the mea- 
sured peripheral pulses. 
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A METHOD AND APPARATUS FOR ASCERTAINING THE CONTOUR OF THE 
PRESSURE PULSE IN THE CENTRAL ARTERIES FROM THE CONTOUR OF THE 
PRESSURE PULSE IN THE PERIPHERAL ARTERIES 

This application is a continuation in part of the 
application serial no. 07/464,890 filed January 16, 1990, which 
is a continuation in part of the application serial no. 
07/328,285 filed March 24, 1989. 
Backcrround 

The contour of the central arterial blood pressure pulse 
of an adult is different from the contour of the pressure pulse 
of a youth. The pressure pulse of an adult has an augmented 
peak in late systole, and a near-exponential decay during 
diastole, while the pressure pulse* of a youth has a rounded 
peak throughout systole and a second peak during diastole. 

The differences in the two pressure pulse patterns are 
attributable largely to an early return in an adult of a 
secondary reflection wave, that is, a reflection of the primary 
pressure pulse along the arterial tree from the periphery of 
the body. The early return of the secondary wave is due to an 
increase in the velocity of the arterial pulse caused by a 
stiffening and/ or mismatch of the conduit arteries in the 
adult. Because of its early return, the secondary wave arrives 
at the heart during, and thus augments, the systolic peak of 
the pressure pulse. 

A youth has arteries which are more elastic, and 
therefore, the arterial pulse wave is slower in the youth than 
in the adult. Thus the secondary wave does not return as early 
in the pulse cycle, and therefore, it does not combine with, or 
augment, the systolic peak of the central pressure pulse. 
Instead, the pulse has a second peak in diastole which 
corresponds to the later return of the secondary wave. 

With increasing age, characteristic changes can be seen 
in the contour and amplitude of the pressure pulse in both the 
central and the peripheral arteries, due largely to the earlier 
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return of the secondary (reflected) wave. Prom the fourth 
decade on, a relatively large augmentation of the pulses in 
late systole can be observed in the carotid artery and 
ascending aorta. Such augmentation is not observed, or not 
observed to the same degree, in the pulses in the peripheral 
arteries, however, until the eighth decade. Thus measurements 
of blood pressure in the peripheral arteries are not completely 
accurate representations of the pressure in the carotid artery 
or ascending aorta. 

The discrepancies in pressure between central and 
peripheral arteries help to explain why, in arterial 
hypertension, the degree of arterial damage and the severity of 
left ventricular hypertrophy do not always correlate well with 
the level of brachial systolic pressure. The discrepancies 
also explain why regression of left ventricular hypertrophy 
induced by various drugs does not always accord with the degree 
of reduction in brachial arterial pressure. 

The usual clinically-accepted method for determination 
of the condition of the left ventricle in man is through 
measurement of systolic arterial pressure in the brachial 
artery with a sphygmomanometer. The clinician then uses the 
measured systolic pressure as an indication of the pressure in 
all major arteries of the body. Such an assumption is not 
justified, however, because of the differences in the effect of 
wave reflection in the periphery of the body and the central 
arteries, as discussed above. 

While these problems with blood pressure interpretation 
are generally known, no one has previously developed a 
noninvasive measurement method which is more accurate than the 
sphygmomanometer for assessment of central aortic pressure. 
Yet it is highly desirable to be able to ascertain augmentation 
of pressure pulses in the ascending aorta from an analysis of 
the contour of the primary and secondary pressure waves in 
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peripheral arteries. This would allow physicians to diagnose 
and treat more appropriately abnormal blood pressure and 
arterial conditions early in life, and thus, aid the physicians 
in pre-empting the dangerous effects of such conditions in 
later life. 

Summary of the Invention 

The invention is a method for calculating from the 
contours of the pressure pulses recorded invasively or 
noninvasively in the brachial and/or radial arteries both the 
degree of systolic pressure augmentation and/or the absolute 
systolic pressure in the ascending aorta and the left 
ventricle. 

The pressure in the ascending aorta is related to a 
combination of the primary pressure pulse and the secondary 
pressure wave which is a reflection of the primary pressure 
pulse from the periphery of the body. Measurement of the 
pressure at the peripheral arteries does not alone provide an 
accurate figure for the maximum systolic pressure in the 
central arteries, for example, in the ascending aorta. 
Analysis of the pressure wave in the peripheral arteries can 
provide indirect measurement of the maximum systolic pressure 
in the central arteries. In particular, the maximum central 
arterial pressure can be determined from an analysis of the 
contour of the pressure pulses in the peripheral arteries, and 
the relationship between the peaks in the pulses relating to 
the maximum primary pressure and the maximum secondary wave 
pressure. The positions, and thus the amplitudes, of the two 
peaks are not always readily apparent from a visual inspection 
of the pulse contour, particularly when the secondary wave 
returns early in systole. Thus the inventive system first 
determines the positions of the two peaks and then analyses 
their amplitudes to ascertain the maximum systolic pressure in 
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the central arteries and the amount of augmentation. 

In brief summary, the inventive system measures the 
pressure pulses in a peripheral artery either noninvasively 
using a tonometer or invasively using a conventional intra- 
arterial device. Either method of measurement produces an 
electrical signal representative of the contours the pressure 
pulses. The system digitizes and averages the signal to form 
an "average pulse." From this average pulse, the system 
determines the amplitudes .of the two pressure peaks by taking 
various derivatives of the pulse as set forth in the detailed 
description. 

Once the system finds the two peaks, it calculates a 
reverse shoulder index (RSI) by dividing the amplitude of the 
second peak by the amplitude of the first peak. If this 
quotient, or RSI, is greater than an imperically determined 
maximum it indicates that the central arterial pressure is 
augmented. The system determines, as a percentage, the amount 
of central augmentation, that is, a central augmentation index 
"AI" , using one of the following formulas: 



The index indicates how much of the maximum systolic pressure 
in the central artery is related to the effects of the 
secondary wave. 

The system calculates the maximum central arterial 
pressure, CP, (in mm Hg) from the amplitude of the secondary 
wave peak using one of the following formulas: 
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Hg) 

Where M P SS " is the pressure of the second shoulder in the 
brachial or radial artery pressure pulse. 

An augmentation index over "100% w indicates that the maximum 
central artery systolic pressure, CP, may be reduced, and often 
substantially, by the administration of drugs which dilate the 
arteries and reduce wave reflection. To determine the effects 
of the drugs, a physician can compare the AI and CP values 
calculated from pressure measurements taken before with the 
values calculated from pressure readings taken after the 
administration of the drugs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

This invention is pointed out with particularity in the 
appended claims. The above and further advantages of this 
invention may be better understood by referring to the 
following description taken in conjunction with the 
accompanying drawings, in which: 

Figure 1 is a diagram of the blood flow and pressure 
pulses in the ascending aorta, which depicts pressure pulses 
for both young and old persons; 

Figure 2 is a graph of the distribution of aortic 
pressure wave velocity as a function of age; 

Figure 3 is a diagram of radial and carotid arterial 
pressure pulses at various ages; 

Figure 4 is a diagram of the pressure waves in the 
ascending aorta and brachial artery before and after treatment 
with nitroglycerine; 

Figure 5 is an illustration of an average brachial 
artery pressure pulse of a youth and the first and third 
derivatives of the pulse; 

Figure 6 is an illustration of an average brachial 



WO 90/11043 



PCT/US90/01612 



-6- 



artery pressure pulse of an older subject and the first and 
third derivatives of the pulse; 

Figure 7 is an illustration of the ascending aortic 
pressure pulse corresponding to the brachial artery pressure 
pulse shown in Figure 6 and the first and third derivatives of 
the pulse; 

Figure 8 is a flow chart for determining the locations 
of first and second shoulders in the average pressure pulses 
shown in Figures 5 and 6; 

Figure 9 is a flow chart for determining the central 
aortic pressure from the peripheral pressure pulse; 

Figures 10 and 10a are graphs of the distribution of 
aortic systolic pressure as a function of radial artery second 
shoulder pressure and of brachial artery second shoulder 
pressure , respectively ; 

Figures 11 and 11a are graphs of the distribution of 
augmentation indices associated with aortic pressure as a 
function of the augmentation indices associated with radial 
pressure and with brachial pressure, respectively, 

DETAILED DESCRIPTION 

I- Pressure Measurements 

Figure 1 illustrates, for a heart blood pumping cycle, 
ascending aortic pressure and blood flow velocity in a 
relatively young person (type B or C, dotted lines) and an 
older person (type A, solid lines) . Curve 1 represents an EKG 
reading of a number of heart blood pumping cycles. Curves 2 
and 3 represent aortic pressure and blood flow velocity, 
respectively, during the systolic and diastolic portions of one 
pumping cycle. 

The dotted-line portion of curve 2, which corresponds to 
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an aortic pressure pulse of a youth, illustrates a non- 
augmented pressure pulse. The pulse has a maximum peak 4c in 
early systole , a smaller secondary wave peak 5c in late 
systole , a dicrotic notch 6 at the onset of diastole and a 
gradual decay during diastole. The blood flow associated with 
this non-augmented pressure wave is shown by the dotted-line 
portion of curve 3. Accordingly, blood flow velocity is at a 
relative maximum when the associated pressure wave is non- 
augmented. 

The solid-line portion of curve 2, which corresponds to 
an aortic pressure pulse of an older subject, illustrates an 
augmented pressure pulse. The pulse has a peak 4a in early 
systole, an augmented secondary wave peak 5a in late systole, a 
dicrotic notch 6 at the onset of diastole and near exponential 
decay during diastole. The corresponding blood flow velocity 
is shown by the solid-line portion of curve 2. The blood flow 
in an older subject is seen to be slower than in a youth, while 
the aortic pressure required to force the blood to flow in the 
older subject is greater. 

Figure 2 illustrates the change in arterial pulse wave 
velocity with age. This change, which is attributable to a 
stiffening of the arteries with age, explains why the secondary 
wave peaks 5a and 5c (Figure 1) occur for the youth and the 
older subject at different times during late systole. The 
secondary wave returns earlier in the older subject and it 
combines with, and thus augments, the systolic pressure peak. 

Figure 3 illustrates the characteristic changes in the 
contour of pressure pulses in the radial and carotid arteries 
over eight decades. The pressure pulses in the carotid artery 
are almost identical in shape to the pressure pulses in the 
ascending aorta. Late systolic augmentation is observed in the 
pressure pulses in the carotid artery from the fourth decade 
on. Such augmentation is not readily observed in the radial 
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artery until the eighth decade. 

Figure 4 illustrates an invasively measured ascending 
aorta pressure wave 7 and a corresponding pressure wave 8 in 
the brachial artery of an older subject, both before and after 
the subject ingests nitroglycerin (GTN). The pressure waves 
labeled "control" correspond to the pressures before the 
ingestion of the GTN and the waves labeled "GTN" correspond to 
the pressure after the ingestipn of the GTN. 

Referring now to the "control" waves, the brachial 
artery pressure wave 8 includes a series of pulses, each of 
which has a peak 4a in early systole and a secondary wave peak 
5a which correspond to the peaks 4a and 5a of Figure 1. The 
peak 5a in the brachial artery pulse indicates the return of 
the secondary wave in late systole. The points labeled S and 
D, that is, the maximum and minimum points, of the brachial 
artery pressure wave correspond with systolic and diastolic 
sphygmomanometer measurements of blood pressure. 

When GTN is administered, it dilates the arteries, and 
thus, it slows the primary pressure wave and also slows and 
markedly diminishes the reflected or secondary wave. 
Accordingly, the point labeled R on the brachial artery curves 
corresponding to the reflected wave is displaced downward and 
slightly to the right in the GTN curves. Due to the reduced 
amplitude of wave reflection and to its later return, the aorta 
does not experience as much pressure from this effect, and thus 
there is a noticeable reduction in the maximum pressure peak of 
the ascending aorta pressure wave. 

While the reduction in amplitude and later arrival of 
the secondary wave results in a change in the shape or contour 
of the corresponding brachial artery pressure wave, the maximum 
pressure peak, labeled S, is not changed. Accordingly, the 
sphygmomanometer registers the same systolic pressure reading 
after the ingestion of GTN as before. Thus it does not 
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register the effects of the GTN. 

2. Fonnula tincr Ascending Aortic Pressure From Peripheral 

Pressure Measurements 

As explained above, the effects of the GTN are 
noticeable in the reduction of the peak pressure in the 
ascending aorta, which can be directly measured using invasive 
systems. The effects are also noticeable in changes in the 
contour of the brachial artery and radial artery pressure 
waves, which can be measured either noninvasively using a 
tonometer or invasively through an intra-arterial cannula. The 
present invention derives the ascending aortic pressure from 
measurements of the peripheral pressure. 

Figures 5-8 depict the steps which the inventive system 
performs in ascertaining pressure wave augmentation in the 
ascending aorta. Figures 5 and 6 illustrate graphically the 
method of determining from the peripheral pulses if the aortic 
pressure is augmented, Figure 7 illustrates graphically the 
method of determining from the aortic pressure pulse if the 
aortic pressure is augmented, and Figure 8 is a flow chart of 
the steps performed by conventional processors (not shown) in 
ascertaining pressure wave augmentation. 

Figures 5 and 6 illustrate peripheral artery pressure 
pulses 16 and 17, respectively and Figure 7 illustrates 
ascending aorta pressure pulse 20. Each pulse has two peaks, a 
primary pressure peak, labeled "1st shoulder" and a secondary 
pressure wave peak, labeled "2nd shoulder." The relative 
amplitudes of the two peaks are analyzed to ascertain the 
amount of ascending aortic pressure augmentation. 

Before the two peak amplitudes can be analyzed, they 
must be located. First, the start of the pulse, that is, the 
onset of systole must be found. Then the relative maximum 
points of the pulse must be located. These points can be found 
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by analyzing the first derivative of the pulse, which is curve 
18. The pulse relative maximum (and minimum) points correspond 
to the zero crossings of the first derivative curve 18. The 
maximum point of the first derivative curve corresponds to the 
point of maximum pulse slope, that is, the point in early 
systole at which the pulse is rising to its first peak. The 
point of systolic onset corresponds to the first negative-to- 
positive zero crossing which precedes the first derivative 
maximum point. The first derivative maximum point is labeled 
"MAXdp/dt" in Figures 5-7. 

Once the point of systolic onset is located, the 
absolute maximum pulse point is determined. This is the point 
which corresponds to the point labeled S in Figure 4, that is, 
the maximum systolic pressure. It is labeled SMAX in Figures 
5-7. The maximum point, SMAX, may or may not correspond to the 
first peak of the pressure pulse. In order to positively 
identify the first pulse peak, a third derivative is taken, as 
illustrated by curve 19. The third derivative curve 19 has a 
relative maximum at the location which corresponds to the first 
pulse peak. This relative maximum point is labeled "MAX3rd w in 
Figures 5-7. 

If the MAX3rd point corresponds to the SMAX pulse point, 
then the pulse has the shape shown in Figures 5 and 6. If the 
maximum point does not correspond to the SMAX point, that is, 
if the MAX3rd point location precedes the location SMAX point, 
the pulse has the shape shown in Figure 7. Referring again to 
Figures 5 and 6, if the first peak or shoulder corresponds to 
the SMAX point, the second shoulder is located by finding the 
first negative-to-positive zero crossing 22 of the third 
derivative 19 after the MAX3rd point. 

If the first shoulder does not correspond to SMAX, as in 
the pulse shown in Figure 7, the second shoulder corresponds to 
SMAX. Thus the first shoulder is located at the pulse point 
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corresponding to the MAX3rd point and the second shoulder is 
located at the SMAX point. 

Once the first and second shoulders are determined, the 
amount of augmentation can be ascertained by comparing (i) the 
amplitude of the second shoulder, measured above the amplitude 
of the pulse at systolic onset, with (ii) the amplitude of the 
first shoulder, measured above the amplitude of the pulse at 
systolic onset. If the ascending aortic pressure is augmented 
this ratio is outside of an imperically determined percentage 
and the amount of augmentation is related to the quotient of 
the amplitudes. The computation of the amount of augmentation 
is explained in more detail below with reference to Figure 9. 
The amplitude of the second shoulder is also related to the 
maximum central pressure, as explained with reference to Figure 
9. 

Figure 8 is a flow chart for determining the locations 
of the first and second shoulders of the peripheral artery 
pressure pulse. The various calculations are performed by one 
or more processors, which are of conventional design. First, a 
tonometer or an intra-arterial cannula (not shown) measures the 
contour of the pressure wave in a peripheral artery, for 
example, in the radial artery. The tonometer or cannula 
produces an analog wave form which it applies to a processor 
which digitizes, filters, and averages it by pulses to form an 
average pulse signal. If a tonometer is used and its 
calibration is unknown, the processor normalizes the average 
pulse to the systolic and diastolic pressure readings of a 
sphygmomanometer . 

The processor then finds the pulse maximum point, SMAX 
(step 24"). Next, the processor takes the first derivative of 
the average pulse and locates the maximum point, MAXdpdt. It 
then locates the point of systolic onset by finding the first 
negative-to-positive zero crossing of the first derivative 
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curve 18 (step 26). 

The processor next takes the third derivative of the 
pulse and locates the MAX3rd point, which is the first relative 
maximum point of the third derivative which succeeds the 
MAXdpdt point (step 28) . If the MAX3rd point is later in time 
than the systolic maximum point, SMAX, it indicates that the 
pulse has a shape which is associated with the Type B or C 
pulses shown in Figures 1 and 5-6 (steps 30-34). If the MAX3rd 
point precedes the SMAX point, it indicates that the pulse has 
a shape which is associated with a much older subject, or the 
Type A pulse shown in Figures 1 and 7 (steps 32 and 3 6). 

The processor may use an alternative method to determine 
the type of pulse. It may locate the first positive-to- 
negative zero crossing point 20 (Figures 5-7) of the third 
derivative curve 19 which occurs after the MAXdpdt point, and 
compare the time of occurrence of this point 20 with the time 
of occurrence of the SMAX point. If point 20 occurs later in 
time than the SMAX point, it indicates that the pulse is a Type 
B or C pulse. Otherwise, it indicates that the pulse is a Type 
A pulse. 

If the pulse is Type B or C, the processor equates the 
first shoulder point, which is the point associated with the 
peak of the primary pressure wave, with the SMAX point. It 
also equates the second shoulder, which is the point associated 
with the return of the secondary or reflected wave, with the 
pulse point which corresponds to the first negative-to-positive 
zero crossing point of the third derivative curve 19 which 
occurs after the MAX3rd point (step 34) as shown in Figures 5 
and 6. 

If the pulse is a Type A pulse, the processor equates 
the first shoulder with the pulse point which corresponds to 
the MAX3rd point of curve 19, and the second shoulder with the 
SMAX point as shown in Figure 7. 
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Ref erring now to Figure 9, once the first and second 
shoulders of the pulse are identified (steps 40-46) , the 
processor determines if the pulse has an augmented peak. First 
the processor generates a Reverse Shoulder Index ("RSI") by 
dividing (i) the pressure at the second shoulder minus the 
pressure at systolic onset, by (ii) the pressure at the first 
shoulder minus the pressure at systolic onset (steps 48-50) . 
The RSI is expressed as a percentage, and thus, the quotient is 
multiplied by 100. 

If the RSI is less than a predetermined minimum value, 
9% for radial or 38% for brachial in the preferred embodiment, 
it indicates that the pulse is associated with non-augmented 
aortic pressure (steps 52 and 52a) . If the RSI is greater than 
the appropriate predetermined minimum value, the pulse is 
associated with augmented aortic pressure. 

If the RSI value indicates that the pulse is not 
associated with augmented central pressure, the processor next 
calculates central pressure, CP, by substituting the pressure 
associated with the second shoulder, P ss , into the appropriate 
formula (steps 56 and 56a) : 

CP = 41.3 +0.77*P SS (ram Hg) (1) From the radial pulse 
CP - 28.6 +0.82*P SS (mm Hg) (la) From the brachial pulse 

where indicates multiplication and the numerals 41.3 and 
0.77 are the y-intercept and the slope, respectively, of a line 
corresponding to the best estimate of data presented in a graph 
of aortic systolic pressure versus radial artery second 
shoulder pressure as shown in Figure 10, and the numerals 28,6 
and 0.82 are the y-intercept and slope, respectively, of a line 
corresponding to the best estimate of data presented in a graph 
of aortic systolic pressure versus brachial artery second 
shoulder pressure as shown in Figure 10a. 



WO 90/11043 



PCTAJS90/01612 



-14- 

The data in Figure 10 and 10a were collected invasively 
from a number of patients and the values in formulas 1 and la 
represent best estimates of the data. These values may change 
as more data become available. Similarly, the values of the 
minimum RSI's associated with augmentation were determined from 
invasively collected data. These values may change, also, as 
more data become available. 

If the RSI value indicates that the pulse is associated 
with augmented central aortic pressure, the processor generates 
an augmentation index, AI. The AI corresponds to a comparison 
of the amplitude of the secondary wave to the amplitude of the 
primary wave. If AI exceeds "100%" it indicates that the 
secondary wave exceeds the first, and thus, that early wave 
reflection is boosting aortic and left ventricular peak 
pressure. To calculate the AI, as a percentage, the processor 
substitutes the appropriate RSI value into one of the following 
formulas (steps 54 and 54a) : 

AI = 95 +0.57*RSI (2) From Radial 

AI - 70 +0.79*RSI (2a) From Brachial 

where H *" indicates multiplication and the numerals 95 and 70, 
and 0.57 and 0.79 are the y- intercepts and the slopes, 
respectively, of lines corresponding to the best estimates of 
data presented in graphs of augmentation indices of the aortic 
pressure versus radial artery and aortic pressure versus 
brachial artery pressure, as shown in Figures 11 and 11a, 
respectively. The data for Figures 11 and 11a were calculated 
from pressures measured invasively in a number of patients. 
The values in formulas (2) and/ or (2a) may change as more data 
become available. 

The processor then calculates the central pressure 
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corresponding to the augmented pulse using formula (1) or (la) 
as appropriate. The central pressure can be similarly 
calculated from the pressure in the brachial artery. The 
differences between such a calculation and the calculation 
depicted in Figure 9 are the y-intercepts and slopes of the 
central pressure and augmentation index formulas which can be 
calculated from invasively measured data. 

The current invention enables a doctor to accurately 
determine noninvasively the peak systolic pressure in the 
ascending aorta. Thus a doctor may monitor noninvasively the 
effects of medication, exercise, etc. on the systolic blood 
pressure in the left ventricle of the heart. Before the 
current invention, a doctor could not easily measure such 
effects. Thus the doctor could not gauge appropriately 
medication or other treatment. 

The contour of an ascending aortic pressure pulse can be 
synthesized from the peripheral pulse contour. Referring now 
to Figure 12, a transfer function processor 58 develops 
transfer functions relating peripheral pressure pulses and 
ascending aortic pressure pulses. The transfer function 
processor 58 accumulates both contours from a number of 
individuals. Specifically, invasively measured ascending 
aortic pressure pulses ("AA") and invasively and non- invasively 
measured carotid artery ( M CA M ), brachial artery ("BA") and 
radial artery ("RA") pressure pulses are accumulated. 

Next, the processor 58 derives for each individual the 
Fourier transforms of the various aortic and peripheral pulse 
waves, and generates for each individual the transfer 
functions : 

H *( W >AA-BA = BA(W)/AA(W) 
h V)aA-RA = RA(W)/AA(W) 
H *( W >AA-CA = CA(W)/AA(W) 
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where AA(w) , BA(w) , RA(w) and CA(w) are the Fourier transforms 
of the various pulses. The transfer function processor 58 
then, to account for differences in heart rates between 
individuals, applies a smoothing function to each group of 
corresponding transfer functions H* (w) ^.3^, H* (w) ^.j^ and 
H*(w) AA . CA , and generates a set of generalized transfer 
functions, H(w). Thereafter the system uses these transfer 
functions, H(w), to synthesize ascending aortic pressure pulses 
from measured peripheral artery pressure pulses. 

Figures 13A-C are graphs of a set of generalized 
transfer functions, H(w) . Specifically, Figure 13 A is a graph 
of H(w) AA . CA , Figure 13B is a graph of HCw)^.^ and Figure 13 C 
is a graph of Hfw)^.^. Measurements were taken and separate 
transfer functions derived for two groups of patients, namely, 
a group of patients being treated with nitroglycerin (the TNG 
group) and a group of patients not being treated with 
nitroglycerin (the control group) . The two sets of transfer 
functions were virtually identical to each other. From these 
results one can conclude that the depicted transfer functions 
are generally applicable. 

Referring now to Figure 14, the pressure pulse in the 
ascending aorta may be synthesized from measured peripheral 
artery pulses using either a frequency-domain calculation 
method or a time-domain calculation method. Using the 
frequency-domain calculation method, peripheral pulse wave 
information, from either an invasive or a non-invasive 
measuring device, is applied to a Fourier transform processor 
60. The processor 60 then derives the Fourier transform of the 
peripheral wave, for example, BA(w) . 

The Fourier Transform, BA(w) , and the corresponding 
transfer function, H(w) AA „ B A' are a PP!i e <* to an Inverse Fourier 
transform processor 62, which first divides the derived Fourier 
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transform, BA(w) , by the transfer function, producing the 
Fourier transform of the corresponding ascending aortic 
pressure pulse, AA(w) . The processor 62 then calculates the 
inverse Fourier transform of AA(w) , to obtain the time domain 
representation of the aortic pressure pulse, AA(t) . The time 
domain information may be displayed graphically as shown by 
curve 64 in Figure 15, which is a synthesized ascending aorta 
pulse corresponding to the brachial artery shown, in graphic 
form, in Figure 16. 

Referring again to the exemplary curve 64 of Figure 15, 
using this frequency-domain calculation method the system 
produces, with a lag time of approximately one heart beat, the 
synthesized ascending aortic pressure pulse 64 which closely 
resembles the actual (invasively measured) ascending aortic 
pressure pulse, a graph of which is shown as curve 66 in Figure 
15. 

Alternatively, the ascending aortic pressure pulse may 
be synthesized by convolving the inverse Fourier transform of 
the multiplicative inverse of the appropriate transfer 
function, for example, H(w) AA . BA , with the time domain 
representation of the measured peripheral artery pressure 
pulse, BA(t) , as shown in Figure 14. Using the time domain 
method of synthesizing the ascending aortic pressure pulse, the 
system produces the synthesized ascending aortic pressure pulse 
in essentially real time, that is, without a lag time of a full 
heart beat. 

Figures 17-22 are graphs of synthesized aortic pressure 
pulse waves (curves 64) and corresponding actual aortic 
pressure pulse waves (curves 66) and the corresponding brachial 
artery pressure pulses. 

The current invention enables a doctor to accurately 
determine noninvasively the maximum pressure and the contour of 
the pressure pulse wave in the ascending aorta. Thus a doctor 
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may monitor noninvasively the effects of medication, exercise, 
etc. on the blood pressure in the heart and treat his or her 
patients more effectively. The doctor may also determine from 
the contour of the aortic pressure pulse wave the cause of 
pressure problems for a particular patient. 

An increase in maximum aortic pressure in a particular 
patient may, for example, be due to a number of causes, each of 
which should be treated with different medications. A doctor 
may learn from examining the contour of the (synthesized) 
aortic pressure pulse wave the cause of an increase in aortic 
pressure and/or the effects of a particular medication 
administered to the patient. 

Before the current invention a doctor could not easily 
and/or quickly determine the causes of increased aortic 
pressure in traumatized patients, such as, patients in shock, 
who require immediate attention. Accordingly, the doctor could 
not gauge the appropriateness of medication or other treatment. 
Using the current invention the doctor may easily and quickly 
examine the contour of the ascending aortic pressure pulse wave 
and may thus readily determine probable causes, or eliminate 
possible causes, for the increase in aortic pressure and/ or 
monitor the patient's response to medication. The doctor may 
thus avoid traumatizing the patient further by administering to 
him or her a medication which is ineffective in treating the 
cause of the increased aortic pressure or, even worse, by 
administering a medication which exacerbates the condition by 
causing a further increase in the pressure. 

The foregoing description has been limited to a number 
of specific embodiments of this invention. It will be 
apparent, however, that variations and modifications may be 
made to the invention, with the attainment of some or all of 
the advantages of the invention. Therefore, it is the object 
of the appended claims to cover all such variations and 
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modif ications as come within the true spirit and scope of the 
invention. 
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CLAIMS 

1. A method of synthesizing the contour of an aortic 
pressure pulse, said method comprising the steps of: 

A. measuring pressure pulses in a peripheral artery; 

B. deriving a Fourier transform for the measured 
peripheral pulses; 

C. dividing the peripheral pulse Fourier transform by a 
transfer function H(w) relating a Fourier transform 
of pressure pulses in the peripheral artery and a 
Fourier transform of pressure pulses in the aorta, 
thereby producing a Fourier transform associated 
with the aortic pressure pulse; and 

D. deriving the inverse of the Fourier transform 
associated with the aortic pressure pulse, thereby 
producing a time-domain representation of an 
ascending aortic pressure pulse. 

2. The method of claim 1, wherein the peripheral artery 
from which measurements are taken is an upper body peripheral 
artery. 

3. The method of claim 2, wherein said method includes 
the step of presenting graphically the time-domain 
representation of the aortic pressure pulse. 

4. A method of synthesizing the contour of an aortic 
pressure pulse, said method comprising the steps of: 

A. measuring pressure pulses in a peripheral artery and 
deriving a peripheral pulse function; 

B. convolving the peripheral pulse function with a 
transfer function which relates pressure pulses in 
the peripheral artery to pressure pulses in the 
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ascending aorta, thereby producing a time-domain 
representation of the ascending aorta pressure 
pulse. 

5. The method of claim 4, wherein the peripheral artery 
from which measurements are taken is an upper body peripheral 
artery. 

6. The method of claim 5, wherein said method includes 
the step of presenting a graphically the time-domain 
representation of the aortic pressure pulse. 

7. A method of deriving generalized transfer functions 
relating an ascending aorta pressure pulse and a peripheral 
artery pressure pulse, said method comprising: 

A. accumulating for a number of individuals data 
relating to invasively recorded ascending aorta 
pressure pulse contours; 

B. accumulating for a number of individuals data 
relating to measured peripheral artery pressure 
pulse contours, namely, brachial, radial and carotid 
artery pressure pulse contours; 

C. deriving for each individual Fourier transforms of 
the ascending aorta, brachial, radial and carotid 
pressure pulse contours; 

D. generating for each individual transfer functions, 
H* (w) , relating ascending aorta and peripheral 
artery pressure pulses: 

H *( W >AA-BA = BA(W)/AA(W) 
H *< W >AA-RA " RA(W)/AA(W) 
H *< W >AA-CA = CA(W)/AA(W) 
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E. grouping the transfer functions of all the 

individuals into groups corresponding to each of the 
peripheral arteries, namely, H*(w) AA _ BA/ H*( w )aa-RA 
and H*(w) AA _ CA groups and applying to each group a 
smoothing function, which reduces differences 
between the individual transfer functions 
attributable to differences in heart rates between 
individuals, to generate generalized transfer 
functions: 

8- The method of deriving generalized transfer functions of 
claim 7, wherein said step of accumulating data relating to 
measured peripheral artery pressure pulse contours includes 
accumulating data from invasively measured peripheral pressure 
pulses . 

9. The method of deriving generalized transfer functions of 
claim 7, wherein said step of accumulating data relating to 
measured peripheral artery pressure pulse contours includes 
accumulating data from non-invasively measured peripheral 
pressure pulses . 

10. The method of deriving generalized transfer functions of 
claim 9, wherein said step of accumulating data relating to 
measured peripheral artery pressure pulse contours further 
includes accumulating data from invasively measured peripheral 
pressure pulses* 

11. A method of deriving a generalized transfer function 
relating an ascending aorta pressure pulse and a radial artery 
pressure pulse, said method comprising: 

A. accumulating for a number of individuals data 
relating to invasively recorded ascending aorta 
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pressure pulse contours; 

B. accumulating for a number of individuals data 
relating to measured radial artery pressure pulse 
contours ; 

C. deriving for each individual Fourier transforms of 
the ascending aorta and radial pressure pulse 
contours; 

D* generating for each individual transfer functions, 
H* (w) , relating ascending aorta and radial artery 
pressure pulses: 

H *( W >AA-RA = RA(W)/AA(W) 

E. applying to all of said individual transfer 
functions a smoothing function , which reduces 
differences between the individual transfer 
functions attributable to differences in heart rates 
between individuals, to generate a generalized 
transfer function: 

H ( W >AA-RA = RA(w)/AA(w). 

12 • The method of deriving a generalized transfer function of 
claim 11, wherein said step of accumulating data relating to 
measured radial artery pressure pulse contours includes 
accumulating data from invasively measured radial pressure 
pulses . 

13. The method of deriving a generalized transfer function of 
claim 11, wherein said step of accumulating data relating to 
measured radial artery pressure pulse contours includes 
accumulating data from non-invasively measured radial pressure 
pulses . 
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14. The method of deriving a generalized transfer function of 
claim 13, wherein said step of accumulating data relating to 
measured radial artery pressure pulse contours further includes 
accumulating data from invasively measured radial pressure 
pulses . 

15. A method of deriving a generalized transfer function 
relating an ascending aorta pressure pulse and a brachial 
artery pressure pulse, said method comprising: 

A. accumulating for a number of individuals data 
relating to invasively recorded ascending aorta 
pressure pulse contours; 

B. accumulating for a number of individuals data 
relating to measured brachial artery pressure pulse 
contours ; 

C. deriving for each individual Fourier transforms of 
the ascending aorta and brachial pressure pulse 
contours ; 

D. generating for each individual transfer functions, 
H* (w) , relating ascending aorta and brachial artery 
pressure pulses: 

H *( W )AA-BA = BA(W)/AA(W) 

E. applying to all of said individual transfer 
functions a smoothing function, which reduces 
differences between the individual transfer 
functions attributable to differences in heart rates 
between individuals, to generate a generalized 
transfer function: 



H ( W )AA-BA = BA(w)/AA(w). 
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16. The method of deriving a generalized transfer function of 
claim 15 , wherein said step of accumulating data relating to 
measured brachial artery pressure pulse contours includes 
accumulating data from invasively measured brachial pressure 
pulses . 

17. The method of deriving a generalized transfer function of 
claim 15, wherein said step of accumulating data relating to 
measured brachial artery pressure pulse contours includes 
accumulating data from non- invasively measured brachial 
pressure pulses • 

18. The method of deriving a generalized transfer function of 
claim 17, wherein said step of accumulating data relating to 
measured brachial artery pressure pulse contours further 
includes accumulating data from invasively measured brachial 
pressure pulses. 

19. A method of deriving a generalized transfer function 
relating an ascending aorta pressure pulse and a carotid artery 
pressure pulse, said method comprising: 

A. accumulating for a number of individuals data 
relating to invasively recorded ascending aorta 
pressure pulse contours; 

B. accumulating for a number of individuals data 
relating to measured carotid artery pressure pulse 
contours ; 

C. deriving for each individual Fourier transforms of 
the ascending aorta and carotid pressure pulse 
contours ; 

D. generating for each individual transfer functions, 
H* (w) , relating ascending aorta and carotid artery 
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pressure pulses: 

H *( W >AA-CA = CA(W)/AA(W) 

E. applying to all of said individual transfer 
functions a smoothing function, which reduces 
differences between the individual transfer 
functions attributable to differences in heart rates 
between individuals, to generate a generalized 
transfer function: 

H ( W >AA-CA = CA(W)/AA(W). 

20. The method of deriving a generalized transfer function of 
claim 19, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours includes 
accumulating data from invasively measured carotid pressure 
pulses. 

21. The method of deriving a generalized transfer function of 
claim 19, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours includes 
accumulating data from non-invasively measured carotid pressure 
pulses . 

22. The method of deriving a generalized transfer function of 
claim 21, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours further 
includes accumulating data from invasively measured carotid 
pressure pulses. 
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AMENDED CLAIMS 

[received by the International Bureau 
on 17 September 1990 (17.09.90) • 
new claims 23-28 added; other claims unchanged (6 pages)] 

pressure pulses: 

aa-ca = CA(w)/AA(w) 

E. applying to all of said individual transfer 
functions a smoothing function, which reduces 
differences between the individual transfer 
functions attributable to differences in heart rates 
between individuals, to generate a generalized 
transfer function: 

H(w) M . CA = CA(w)/AA(w) . 

20. The method of deriving a generalized transfer function of 
claim 19, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours includes 
accumulating data from invasively measured carotid pressure 
pulses. 

21. The method of deriving a generalized transfer function of 
claim 19, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours includes 
accumulating data from non- invasively measured carotid pressure 
pulses. 

22. The method of deriving a generalized transfer function of 
claim 21, wherein said step of accumulating data relating to 
measured carotid artery pressure pulse contours further 
includes accumulating data from invasively measured carotid 
pressure pulses. 

23. A method of determining augmentation of blood pressure in 
the ascending aorta, said method comprising the steps of: 
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A. measuring the contour of a blood pressure wave in a 
peripheral upper limb artery, said wave including a 
series of pulses with each pulse having a peak 
corresponding the a primary pressure wave and a peak 
corresponding to a secondary pressure wave; 

B. determining for an average pulse the location and 
amplitude of the pulse peak which corresponds to the 
primary pressure wave; 

C. determining for the average pulse the location and 
amplitude of a pulse peak which corresponds to the 
secondary pressure wave; 

D. comparing the amplitudes of the primary and secondary 
pressure wave peaks; and 

E. signaling that the blood pressure in the ascending 
aorta is augmented if the secondary pressure wave peak 
amplitude is within a predetermined range of the 
amplitude of the primary pressure wave peak. 

24. The method of claim 23, wherein said method further 
includes the step of calculating an augmentation index which 
corresponds to the degree of augmentation of the systolic 
pressure by: 

A. calculating a reverse shoulder index by dividing the 
secondary wave peak pressure above systolic onset 
pressure by the primary wave peak pressure above 
systolic onset pressure; 

B. comparing the reverse shoulder index to a predetermined 
value ; 

C. signaling that the blood pressure in the ascending 
aorta is not augmented if the reverse shoulder index is 
smaller than the predetermined value; and 

D. if the reverse shoulder index is larger than the 
predetermined value, substituting the reverse shoulder 
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index into the formula: 

95 +0.57*index % (From the radial pulse) 

where 11 * M represents multiplication, the numerals 95 and 
0.57 are the y-intercept and slope, respectively, of a line 
which represents a best estimate of aortic pressure versus 
radial artery pressure measured invasively in a predetermined 
number of patients, and the sum is the augmentation index. 

25. The method of claim 23, wherein said method further 
includes the step of calculating an augmentation index which 
corresponds to the degree of augmentation of the systolic 
pressure by: 

A. calculating a reverse shoulder index by dividing the 
secondary wave peak pressure above systolic onset 
pressure by the primary wave peak pressure above 
systolic onset pressure; 

B. comparing the reverse shoulder index to a predetermined 
value } 

C. signaling that the blood pressure in the ascending 
aorta is not augmented if the reverse shoulder index is 
smaller than the predetermined value? and 

D. if the reverse shoulder index is larger than the 
predetermined value, substituting the reverse shoulder 
index into the formula: 

70 + 0.79*index % (From the brachial pulse) 

where H * M represents multiplication, the numerals 70 and 
0.79 are the y-intercept and slope, respectively, of a line 
which represents a best estimate of aortic pressure versus 
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brachial artery pressure measured invasively in a predetermined 
number of patients, and the sum is the augmentation index. 

26. A method of determining systolic pressure in the ascending 
aorta, said method comprising the steps of: 

A. measuring the contour of a systolic pressure wave in a 
peripheral upper limb artery, said wave including a 
series of pulses with each pulse having a peak 
corresponding the a primary pressure wave and a peak 
corresponding to a secondary pressure wave; 

B. determining for an average pulse the amplitude of the 
pulse peak which corresponds to the primary pressure 
wave; 

C. determining for the average pulse the amplitude of a 
pulse peak which corresponds to the secondary pressure 
wave; 

D. calculating the maximum pressure in the ascending aorta 
by substituting the amplitude of the secondary pressure 
wave peak, P ss , into the formula: 

41.43 + 0.77*P SS for radial pulse 

where W * M represents multiplication and the numerals 
41.43 and 0.77 are the y-intercept and slope, 
respectively of a line which represents a best estimate 
of aortic systolic pressure versus radial artery second 
shoulder pressure, said sum being the maximum systolic 
pressure in the ascending aorta. 

27. A method of determining systolic pressure in the ascending 
aorta, said method comprising the steps of: 

A. measuring the contour of a systolic pressure wave in a 
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peripheral upper limb artery, said wave including a 
series of pulses with each pulse having a peak 
corresponding the a primary pressure wave and a peak 
corresponding to a secondary pressure wave; 
B. determining for an average pulse the amplitude of the 
pulse peak which corresponds to the primary pressure 
wave; 

C determining for the average pulse the amplitude of a 
pulse peak which corresponds to the secondary pressure 
wave ; 

D. calculating the maximum pressure in the ascending aorta 
by substituting the amplitude of the secondary pressure 
wave peak, P ss , into the formula: 

28.6 + 0.82*?^ for brachial pulse 

where «*" represents multiplication and the numerals 
28.6 and 0.82 are the y-intercept and slope, 
respectively of a line which represents a best estimate 
of aortic systolic pressure versus brachial artery 
second shoulder pressure, said sum being the maximum 
systolic pressure in the ascending aorta. 

28. The method of claim 25, wherein said method further 
includes the step of determining the locations of the pulse 
peak which corresponds to the primary pressure wave and the 
pulse peak which corresponds to the secondary pressure wave by: 

A. determining the location and amplitude of a maximum 
pulse point, SMAX; 

B. taking a first derivative of the pulse; 

C. locating the maximum point of the first derivative; 

D. taking a third derivative of the pulse; 
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E. determining the location of a relative maximum point of 
the third derivative, MAX3rd, which succeeds the 
maximum point of the first derivative; 

F. equating the location of the primary pressure peak with 
the pulse point which corresponds to the MAX3rd point; 
and 

G. if SMAX and MAX3rd occur at the same location, equating 
the secondary pressure peak with the first positive-to- 
negative zero crossing point of the third derivative 
which succeeds the MAX3rd point; and 

H. equating the second shoulder with the SMAX point and 
equating the first shoulder with the MAX3rd point if 
SMAX and MAX3rd do not occur at the same location. 
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